In this Snowmass 2013 white paper, we review the effective field theory approach for studies of non-standard electroweak interactions in electroweak vector boson pair and triple production and vector boson scattering. We present an overview of the implementation of dimension six and eight operators in MadGraph5, VBFNLO, and WHIZARD, and provide relations between the coefficients of these higher dimensions operators used in these programs and in the anomalous couplings approach. We perform a tuned comparison of predictions for multi-boson processes including nonstandard electroweak interactions with MadGraph5, VBFNLO, and WHIZARD. We discuss the role of higher-order corrections in these predictions using VBFNLO and a POWHEG BOX implementation of higher-order QCD corrections to W W jj production.
I. INTRODUCTION
After the LHC experiments have discovered a bosonic particle that is fully compatible with the Standard Model (SM) Higgs boson at the level of the electroweak (EW) precision observables, still the microscopic mechanism of EW symmetry breaking needs to be resolved. To prove that the SM is really the valid theory up to very high energy scales, one either needs to overconstrain the EW sector and test its structure at the level of next-to-leading order (NLO) corrections or find direct evidence for a possible dynamic explanation of the Higgs mechanism. One important ingredient is the structure of the selfinteractions of the Higgs field, which might give a hint on its underlying structure. For the scattering of a physical Higgs particle, measurements of these couplings are notoriously difficult, and while a measurement of the triple Higgs coupling seems feasible, the quartic coupling is hopeless. However, the Higgs field also contains the Goldstone bosons, i.e. the longitudinal modes of the EW gauge bosons. The scattering of the longitudinal modes is overlaid with the corresponding scattering of transversal EW gauge bosons from the non-Abelian structure of the EW gauge group. Phenomenologically, it is quite difficult to discriminate between them. Quartic interactions of EW gauge bosons can be studied in either triple boson production or vector boson scattering. There are two distinct cases: (i) where new physics can be directly probed, and (ii) where only indirect effects of new physics manifest themselves in the energy reach of the LHC (or its possible energy upgrade). There are many different models fitting the scenario (i) that are discussed in the BSM Snowmass white paper 1 . In all these cases, the assumption is that masses of those resonances are approximately in the 1-5 TeV range such that they can be directly probed at a 14 TeV machine. To cover this case in a mostly modelindependent way, simplified models have been defined [1] , where the issue of the unitarity of the longitudinal scattering amplitudes is carefully taken into account. In this document, the focus is on the more pessimistic scenario that new physics in the EW sector is out of the direct reach of the LHC or maybe even higher energy colliders. In that case one could integrate out new particles or resonances and one ends up with an effective field theory (EFT) with the SM as low-energy limit. While the translation between simplified new physics models in the EW sector to such an EFT are described in [1] , there are also ambiguities for the low-energy EFT. This results from the choice of operator bases. In Section II the EFTs in different operator bases are discussed, and translations from one basis to another are defined. This should simplify the comparison between many different studies that have been performed for several past, present and future collider experiments. In Section III we collect the predictions from several studies for triboson production and vector boson scattering at the LHC, a 33 TeV energy upgrade as well as a 100 TeV high-energy hadron collider. In this section, also the codes used for these predictions are introduced and described in detail. One major purpose of this white paper is to collect useful tools for EW physics at the LHC, compare them and study the main physics issues in the relevant processes discussed above. These topics are described in Section IV. Finally, in Section V we summarize our findings.
II. NON-STANDARD ELECTROWEAK INTERACTIONS A. Effective field theory
If the energy scale of new physics is well above the energies reached in an experiment, the new degrees of freedom cannot be produced directly and new physics appears only as new interactions between the known particles. These new interactions are included in the Lagrangian as higher dimensional operators, which are invariant under the SM symmetries and suppressed by the new physics scale Λ,
where d is the dimension of the operators. In the limit Λ → ∞, this Lagrangian reduces to the SM one. Since the coefficients of the higher dimensional operators,c i , are fixed by the complete high-energy theory, any extension of the SM can be parametrized by this Lagrangian, where thec i are kept as free parameters. Below the new physics scale, only the operators with lowest dimensions can give a large contribution and should therefore be kept. In particular, the SM contribution is expected to be larger than the new physics one. Once truncated, the Lagrangian becomes predictive even without fixing the coefficients and parametrizes any heavy new physics scenario. However, it should be kept in mind that this truncated Lagrangian is only valid below the new physics scale.
In the following, we will describe the EFT of new physics including dimension six and dimension eight operators that modify the interactions among electroweak gauge bosons: 
B. Dimension-six operators for electroweak vector boson pair and triple production and scattering
If baryon and lepton numbers are conserved, only operators with even dimension can be constructed. Consequently, the largest new physics contribution is expected from dimension-six operators. Three CP conserving dimension-six operators,
and two CP violating dimension-six operators,
affect the triple and quartic gauge couplings. Here Φ denotes the Higgs doublet field and the covariant derivative for such a field with hypercharge Y = 1/2 is given by
where 
Like in the SM, TGCs and QGCs from dimension-six operators are completely related to guarantee gauge invariance. In addition, three CP-conserving operators
and two CP-violating dimension-six operators
modify the coupling of the Higgs to the weak gauge bosons and therefore the four-gauge-boson amplitudes. The list of vertices relevant to three-and four-gauge-boson amplitudes of each operator is displayed in Tab. I. We have neglected the operators affecting the couplings of the bosons to fermions as they can be measured in other processes such as Z decay. This is a minimal set of independent dimension-six operators relevant to amplitudes involving vertices of three and four electroweak gauge bosons. Additional dimensionsix operators invariant under SM symmetries can be constructed but they can be shown to be equivalent to a linear combination of the previous operators by using equations of motion. Consequently, the choice of basis of operators is not unique and other choices than the one presented here can be found in the literature. For example, the operators Q ΦD and Q ΦW B in Ref. [2] have been replaced in this paper by O W and O B . Our basis avoids the otherwise necessary redefinition of the masses of the gauge bosons and the mixing of the neutral vector bosons. The operator O Φd does not contain any gauge boson since Φ † Φ is a singlet under all the SM gauge groups. However, it contributes to the Higgs field's kinetic term after Φ has been replaced by its value in the unitary gauge, i.e. with
one finds
and it requires a renormalization of the Higgs field,
in the full Lagrangian. The Higgs couplings to all particles including the electroweak gauge bosons are consequently multiplied by the same factor. O ΦW and O ΦB modify the kinetic term of the gauge bosons after the Higgs doublet has been replaced by its vacuum expectation value (v). Those two operators require then a renormalization of the gauge fields and the gauge couplings. As a matter of fact, their part proportional to v 2 is entirely absorbed by those redefinitions and can therefore be removed directly in the definition of the operators, i.e.
It is now clear that those operators affect only the vertices with one or two Higgs boson and not the TGCs or the QGCs.
C. Dimension-eight operators for genuine QGCs
As can be seen in Table I , the dimension-six operators giving rise to QGCs also exhibit TGCs. In order to separate the effects of the QGCs we shall consider effective operators that lead to QGCs without a TGC associated to them. Moreover, not all possible QGCs are generated by dimension-six operators, for instance, these operators do not give rise to quartic couplings among the neutral gauge bosons 2 . The lowest dimension operator that leads to quartic interactions but does not exhibit two or three weak gauge boson vertices is of dimension eight 3 . The counting is straight forward: we can get a weak boson field either from the covariant derivative (D µ of Eq. 5) of Φ or from the field strength tensor of Eq. 6. In either case, the vector field is accompanied by v (after using Eq. 9) or a derivative ∂ µ . Therefore, genuine quartic vertices are of dimension 8 or higher.
The idea behind using dimension-eight operators for QGCs is that the anomalous QGCs are to be considered as a straw man to evaluate the LHC potential to study these couplings, without having any theoretical prejudice about their size. There are three classes of genuine QGC operators [4]:
Operators containing only DµΦ
This class contains two independent operators, i.e.
where the Higgs covariant derivative is given by the expression in Eq. 5. These operators can be generated when we integrate out a spin-one resonance that couples to gauge-boson pairs with
where M ρ (Γ ρ ) is the mass (width) of the vector resonance [5] . Table II . In our framework, the QGCs are accompanied by vertices with more than 4 particles due to gauge invariance. In order to simply rescale the SM quartic couplings containing W ± and Z it is enough to choose f S,0 = −f S,1 = f which leads to SM quartic couplings modified by a factor (1+f v 4 /8), where v is the Higgs vacuum expectation value (v 246 GeV).
2.
Operators containing DµΦ and two field strength tensors QGCs are also generated by considering two electroweak field strength tensors and two covariant derivatives of the Higgs doublet [4] :
where the field strengths W µν and B µν have been defined above in Eq. (6) . In this class of effective operators the quartic gauge-boson interactions depend upon the momenta of the vector bosons due to the presence of the field strength in their definitions. Therefore, the Lorentz structure of these operators can not be reduced to the SM one. The complete list of quartic vertices modified by these operators can be found in Table II .
Operators containing only field strength tensors
The following operators containing four field strength tensors also lead to quartic anomalous couplings:
It is interesting to note that the two last operators O T, 8 and O T,9 give rise to QGCs containing only the neutral electroweak gauge bosons. Previous analyses [6] [7] [8] of the LHC potential to study QGCs were based on the non-linear realization of the gauge symmetry, i.e. using chiral Lagrangians as for instance implemented in WHIZARD. The relation between the above framework and chiral Lagrangians can be found in Section II E 2.
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where
= −e and g W W Z = −e cot θ W . The first three terms of Eq. 32 are C and P invariant while the remaining four terms violate C and/or P . Electromagnetic gauge invariance requires that g The effective field theory approach described in the previous section allows one to calculate those parameters in terms of the coefficients of the five dimension-six operators relevant for TGCs, i.e. in terms of the EFT coefficients c W W W , c W , c B , cW W W and cW . One finds for the anomalous TGC parameters [10, 11] :
Defining ∆g
and the relation λ γ = λ Z reduce the five C and P conserving parameters down to three. For the C and/or P violating parameters, the relation
and the relationsλ γ =λ Z and g Z 4 = g Z 5 = 0 reduce the six C and/or P violating parameters down to just two.
The Lagrangian of Eq. 32 is not SU (2) L gauge invariant even after imposing those relations because the quartic and higher multiplicity couplings are not included. Furthermore, gauge invariance requires also several relations between vertices with different number of particles. Therefore, the anomalous coupling Lagrangian cannot be used for four-gauge-boson amplitudes. The quartic couplings involving two photons have been parametrized in a similar way. However, the parametrization is not generic enough and does not include the contributions from the dimension-six operators.
The LEP2 constraints on the vertices γγW + W − and γγZZ [12] described in terms of anomalous couplings a 0 /Λ 2 and a c /Λ 2 can be translated into bounds on f M,0 -f M,7 . In Ref. [13] (see also Refs [14, 15] ), genuine anomalous quartic couplings involving two photons have been introduced as follows:
with
where A µ and W ± µ , Z µ denote the photon and weak fields, respectively. Thus, using the conventions of Eq. 6 for the fields in the operators O M,i , and Eq. 44 for the fields in the operators L 0 /L c , the following relations for the W W γγ (upper sign) and ZZγγ (lower sign) vertices can be derived:
and
E. Conventions for non-standard electroweak gauge boson interactions in different programs
Dimension-8 operators: VBFNLO and MadGraph5
The convention for the dimension-8-operators in VBFNLO is the same as described in Section II C, and the coefficients f i /Λ 4 set in the input file are the ones that multiply the operators of Section II C. However, the MadGraph5 implementation by means of a UFO file [16] uses expressions for the field strengths which are slightly different than the ones from Eq. 6:
The resulting changes can be absorbed in a redefinition of the operator coefficients:
2. Dimension-8 operators: WHIZARD As WHIZARD uses different anomalous couplings operators than the ones described in Section II C, assuming a different symmetry group [17] , a conversion is in general not possible. However, a vertex-specific conversion exists for the operators O S,0 and O S,1 to their corresponding operators
The conversion reads:
• for the WWWW-Vertex:
• for the WWZZ-Vertex:
• for the ZZZZ-Vertex:
3. Dimension-6 operators: VBFNLO and MadGraph5
The MadGraph model EWdim6 has been generated from FeynRules and contains the operators from Eqs. 3, 4 and 7, with the exception of OW W , OB B and O DW 4 . The names of the coefficients is displayed in Tab. III. All the coefficients include the 1/Λ 2 as reminded by the "L2" at the end of the names and are in TeV −2 . The model also has a new coupling order N P counting the power of 1/Λ. Consequently, each vertex from the dimension-six operators has NP=2. 
from VBFNLO can be related to the operator O ΦW by choosing the coefficient as
In addition to those operators, VBFNLO also provides the following CP-odd operators:
However, only 4 of the 7 CP-odd operators are linearly independent, so the additional operators can be expressed in terms of the operators of Eqs. 4 and 8 as follows:
The CP-conserving anomalous couplings implementation is also available in VBFNLO with the parameters ∆g Z 1 , ∆κ Z , ∆κ γ , and λ γ , defined in Section II D.
F. Discussion of unitarity bounds and usage of form factors
The effective field theory is valid only below the new physics scale Λ and no violation of unitarity occurs in this regime. In the regime where EFT is valid, the new physics contributions to a SM process, i.e. the interference of the SM amplitude with the higher-dimensional operators and the square of the new physics amplitudes, are suppressed by increasing powers of 1/Λ,
(69) For illustration we show in Fig. 1 [18] (in green). The figure on the r.h.s. shows the mW W distribution for the production of one longitudinally and one transversally polarized W boson, when considering the SM (solid blue line), only the interference between the SM and the dimension-six operator (solid red line), the sum of the two (dashed red line), only the square of the new physics amplitude (solid green line), and finally the total contribution from the SM and the dimension-six operator (dashed green line).
For dimension eight operators, the effect from unitarity violation typically sets in earlier due to the higher exponent in Λ in the denominator. Hence, the task to avoid unphysical contributions from regions where unitarity is violated becomes more important. In these regions the EFT expansion in terms of suppressed additional contributions to the SM part, our starting point, is no longer valid, as each order becomes similarly important.
In experimental searches one has to ensure that the sensitivity on anomalous gauge couplings is not driven by parameter regions where unitarity is violated. As nature will ensure unitarity conservation in the full model, such results would not be meaningful. Thereby, one can take advantage of the fact that only energies up to the center-of-mass energy of the collider are probed. For hadron colliders like the LHC, the steep fall-off of the parton distribution functions means that the effective probed energy range is even smaller, as the expected number of signal events will be smaller than one above a certain energy and therefore this region will not contribute. However, if the bound for unitarity violation is lower than that, some method to ensure that no sensitivity comes from this energy range needs to be employed. One possibility is to use appropriate experimental cuts. However, often processes will contain neutrinos and so the full reconstruction of the partonic energy is not possible. Another option are form factors. These are introduced to model an energy-dependent cutoff, which in the full theory would be accomplished by new-physics states at the scale Λ, which have been integrated out in the EFT description. Various options are possible, for example a sharp cut-off of the higher-dimensional contributions at a fixed energy scale, or a dipole-like form factor as used in VBFNLO, that gives a smoother cut-off. The exact choice depends on the full model, so for an effective theory description all choices are equally well motivated from the theory side. The last possibility to ensure no unitarity violation happens is a unitarity projection, like the K-matrix method implemented in WHIZARD. There the amplitude A is moved onto the unitarity circle along a line connecting (A) and the imaginary unit i. Physically, this corresponds to introducing an infinitely heavy and wide resonance. This scheme maximizes the contributions from anomalous couplings while ensuring unitarity for all energies.
III. PREDICTIONS FOR MULTI-BOSON PROCESSES WITH NON-STANDARD COUPLINGS

A. MadGraph5
MadGraph5 [19] is a suite of programs related to the numerical evaluation of the matrix element [20] [21] [22] . In particular, the tool is able to compute the cross section and to generate events at leading order accuracy [23] . It also contains an interface to Pythia6 [24] to generate inclusive samples at LO+PS accuracy via the CKKW matching/merging scheme [25, 26] . Additionally, a public beta version (2.0.0beta4) of the code allows to perform the computation at next-to-leading order accuracy in QCD matched to a parton shower via the aMC@NLO module [27] . As in the LO mode, there is no predefined list of processes, aMC@NLO is able to generate fully automatically an optimized way to evaluate the matrix element and the associate phase space integration.
At leading order, the program has been designed to be fully model independent. In addition to its own model format, MadGraph5 contains an interface to support a model written in the UFO convention [28] . This model is by essence fully generic and not tied to any Monte Carlo generator. Unfortunately, MadGraph has some small limitation on the model that can be imported via this format. First, MadGraph5 does not support spin larger than 2. Secondly, the color module does not support representation 10 or higher, but includes the sextet and the support for the fully anti-symmetric color-structure. On the other hand, there are no limitations on the Lorentz structure allowed for a given interactions and in particular on the number of particles. Indeed MadGraph5 calls the ALOHA package [29] in order to create the helicity amplitude routine [30] that are needed for the efficient evaluation of the matrix element. As a small exception, MadGraph5 does not support multi-fermion interactions in presence of fermion-flow violation, but all other type of multi-fermion interactions are supported including the case of identical fermions. A recent extension of the UFO and ALOHA package [31] allows MadGraph5 to support user-defined propagators as well as form factors.
Writing a UFO model is obviously somewhat tedious, fortunately various packages allow to create models automatically for a large class of local theories. This format is currently supported by FeynRules [32, 33] and SARAH [34] , and is planned to be supported by LanHep [35] as well. An extension of the UFO model for next-to-leading accuracy is on its way as well as a FeynRules interface to create models automatically [36] .
One key feature of MadGraph5 at leading order is that one can easily specify the decay chain structure associated to a production process. In such cases, MadGraph5 is able to generate events with up to 16 particles in the final state including full spin correlations and off-shell effects 5 . An alternative, which is especially useful at NLO, consists of generating the production process at parton-level without decay, and then using the MadSpin package [37] to generate the decay also with full spin-correlations and off-shell effects.
MadGraph5 contains also a large class of options concerning the parton-level cuts and beam parametrizations. For example, it supports polarized beams and beamstrahlung, LHAPDF. Finally, the MadGraph5 interface is designed to be user friendly and contains a built-in tutorial to facilitate the apprentissage procedure and can install (and link) fully automatically a series of external codes (e.g., Pythia6 [24] , MadAnalysis [38] , Delphes [39] ). With all those features, MadGraph5 is a very flexible tool which can describe efficiently and precisely a large class of phenomenological processes, and in the electroweak sector in particular. It is therefore often a tool of choice for the study of the physics potential of future accelerators. It allows the simulation of vector-boson fusion processes with the production of a Higgs boson or one or two massive gauge bosons as well as the production of two or three electroweak gauge bosons, including final states with photons. All these processes are implemented at next-to-leading order in the strong coupling constant. Furthermore, gluon-fusion production of Higgs plus two jets and of two electroweak bosons is implemented at the leading one-loop level. The program allows to place arbitrary cuts on the final-state particles and implements various scale choices. Any available PDF set can be used via a link to LHAPDF [43] . Events can be written out both in weighted and unweighted form and the LHE [44] as well as the HepMC [45] format.
All processes include fully leptonic decays of the gauge bosons, where the user can choose whether a particular final state is desired or all combinations, with or without the third generation, should be summed over and included in the event file. Off-shell effects including contributions from virtual photons instead of Z bosons are taken into account, while Pauli-interference effects for identical charged leptons are neglected. Furthermore, for the production of two massive gauge bosons, both direct and via vector-boson fusion, and the triboson process W + W − Z, semi-leptonic decays are available as well, where one boson decays into a quark pair, while the other ones still decay leptonically. Again either a specific flavor final state, only firstand second-generation quarks, or all light quarks including bottom quarks can be chosen. An extension to the other triboson processes is planned for the future.
Anomalous triple and quartic gauge couplings are implemented for all vector-boson-fusion processes with production of one or two gauge bosons, and all diboson and triboson processes [46, 47] . The operator structure has already been described in Section II. Note that the considered operators do not give any contributions to the diboson processes with two neutral particles in the final state, i.e. ZZ, Zγ and γγ. In all processes a form factor
can be applied to ensure unitarity at high energies [48] [49] [50] [51] [52] . Here s is a universal scale for each phase-space point, taken to be equal to the squared invariant mass of the produced bosons and Λ and p are free parameters describing the mass scale of the cut-off and the power of the damping, respectively. p should be chosen to be at least 1 for the dimension-6 and 2 for the dimension-8 operators to possess the required damping at high energies. Additionally, a dedicated form factor tool can be downloaded from the VBFNLO web site [53] . The tool calculates on-shell V V scattering and computes the lowest (J = 0) contribution to the partial wave decomposition of the amplitude. The unitarity criterion is that the real part of this contribution must be below 0.5 [48] . We check each possible combination in V V → V V where V = W , Z, γ separately as well as the combination of all channels with the same electrical charge of the V V system. After reading the anomalous coupling parameters from an input file, the output of the program then consists of the partonic center-of-mass energy for each channel where unitarity is first violated. This is performed both for the helicity combination giving the largest constraint and the most restrictive linear combination obtained by diagonalizing the T -matrix. Additionally, a value for Λ is calculated for each case that just ensures tree-level unitarity up to the given energy, taking the exponent p and the maximum considered energy set in the input file.
C. The event generator WHIZARD
WHIZARD [54] is a Monte Carlo event generator for hadron and lepton colliders. The most recent public version is 2.1.1, while an α release of the new version 2.2 will come out later this summer. WHIZARD contains the optimizing matrix element generator O'Mega [55] . O'Mega has been written in the functional language OCaml that allows for great versatility and flexibility. It uses the concept of directed acyclical graphs (DAGs) to generate amplitudes that are optimal in the sense that all redundancies due to common subamplitudes and gauge invariance have been avoided. On top of that, a common subexpression elimination for equivalent flavor combinations is foreseen [56] . QCD quantum numbers are treated using the color flow formalism [57] , that is ideally suited for transferring the color information to the parton shower (WHIZARD has its own k T -ordered and analytic parton showers [58] , but no hadronization). O'Mega supports all spins from scalars up to spin 3/2 [59] and tensor particles. A large library of vertex functions is supported for 3-and 4-point interactions as well as for higher-dimensional operators. Completely general Lorentz structures will be supported in the upcoming version, 2.2 [56] . WHIZARD is particularly specialized an beyond the SM (BSM) models, containing a large number of implemented models ranging from a variety of SUSY models, Little Higgs models, extra-dimensional models to models with anomalous couplings. An interface to the Lagrangian to Feynman rules converter FeynRules allows for the inclusion of basically arbitrary QFT-based BSM models [60] . Both O'Mega and WHIZARD have a large intrinsic testsuite that guarantees the inner consistency and prevents regressions during the development, e.g. there are Ward-and Slavnov-Taylor identities being checked [61] .
Phase-space integration is performed by an adaptive multi-channel Monte-Carlo integration provided by the subpackage VAMP [62] . The new version of WHIZARD also contains alternative integration methods that are e.g. better suited for simple decay processes. The WHIZARD core that has been recasted in a very modern, modularized and object-oriented form in Fortran2003 steers the matrix element generation, compilation, phase space generation and interfacing to external libraries for PDFs, event formats, and hadronization. The input to WHIZARD happens through a universal scripting language SINDARIN, which is a very self-contained user-friendly syntax as input method to define processes, scales, cuts, and analyses. This input syntax allows to define arbitrary kinematical expressions for cuts and scales.
One of the main fields of WHIZARD applications (as in the context here) is for electroweak physics, particularly anomalous couplings and new resonances in the EW sector [17, 63, 64] . Other areas of applications not relevant in the context of the EW Snowmass White Paper (QCD, other BSM, ILC physics, etc.) are left out here for brevity.
D. The Role of Higher-order Corrections
Higher-order corrections play an important role for accurate predictions at the LHC. In this section we study the impact of NLO QCD corrections in vector-boson fusion and triboson processes and how they impact the extraction of anomalous quartic gauge couplings. As example of these two process classes we take the processes W + W + jj and W + γγ, respectively. The NLO results including anomalous QGCs presented in Sections III D 1 and III D 3 have been obtained with VBFNLO. We discuss the impact of a parton shower on the example of W + W + jj production with POWHEG+PYTHIA [65] in Section III D 2. Finally, in Section III D 4 we discuss the impact of NLO electroweak corrections in triboson processes.
Vector-boson-fusion process
The production of a vector-boson pair via vector-boson fusion [66] [67] [68] [69] [70] has a characteristic signature of two high-energetic, so-called tagging jets in the forward region of the detector, which are defined as the two jets with the largest transverse momentum. This can be exploited experimentally by requiring that there is a large rapidity separation (∆η jj > 4) between the tagging jets, they are in opposite detector hemispheres (η j1 × η j2 < 0) and they possess a large invariant mass (M jj > 600 GeV). Additional central jet radiation at higher orders is strongly suppressed due to the exchange of a color-singlet in the t-channel, in contrast to typical QCD-induced backgrounds. Higher-order corrections are typically small, below the 10% level, and reduce the residual scale uncertainty to about 2.5%. Choosing the momentum transfer between an incoming and an outgoing parton along a fermion line proves to be particularly advantageous, as then also corrections to important distributions are small and flat over the whole range.
As example we take the process pp → e + ν e µ + ν µ jj with anomalous coupling and NLO QCD corrections hardly change this number. This can also be seen in Fig. 2 where we show the differential distribution with respect to the invariant mass of the two leptons and the two neutrinos. In the left-hand plot we present the differential cross section in the SM and with anomalous coupling switched on both at LO and NLO. Similar to the integrated cross section, the difference between LO and NLO is small in both cases. In contrast the anomalous couplings yield a positive contribution to the cross section over the SM, which starts at an invariant mass of about 500 GeV, before the formfactor, introduced to preserve unitarity, damps the contributions again at higher invariant masses. On the right-hand side we present two groups of ratios. The differential K factor is flat and close to one both for the SM and the anomalous coupling scenario. The second set shows the ratio of differential anomalous-coupling over SM cross section both at LO and NLO. The two curves agree well and show enhancements of the cross section up to a factor of three. Hence, in this process higher-order corrections do not influence the extraction of anomalous couplings.
NLO-QCD calculations are a crucial prerequisite for precision analyses at the LHC, reducing theoretical uncertainties associated with hard scattering processes significantly. On the other hand, a realistic description of the additional hadronic activity that occurs in any collider environment crucially relies on parton-shower Monte Carlo generators such as HERWIG [71] or PYTHIA [24] . The perturbative accuracy of these programs is, however, limited to leading logarithmic accuracy. The most realistic yet accurate predictions available to date for processes with many particles in the final state are thus obtained by combining NLO-QCD calculations for the hard scattering with parton shower programs, for example in the framework of the POWHEG formalism [72, 73] . Such a matching can be performed with the help of the POWHEG BOX [74] , a repository that provides all process-independent building blocks of the matching procedure, while processspecific elements have to be provided by the user.
Building on existing NLO-QCD calculations [66, 69, 75, 76] , recently various VBF processes have been implemented in the POWHEG BOX [65, [77] [78] [79] [80] . The code developed is publicly available from the project webpage, http://powhegbox.mib.infn.it/, and can be tailored to the user's needs for any dedicated study. In order to assess the impact of parton-shower effects on NLO-QCD predictions for VBF-induced W + W + jj production at the LHC, numerical analyses for a representative setup have been performed for the e + ν e µ + ν µ jj final state [65] . At a collision energy of √ s = 7 TeV, the MSTW2008 parton distribution functions [81] are used for incoming protons and the FASTJET package [82] for the reconstruction of jets via the k T algorithm with a resolution parameter of R = 0.4. Events are showered with PYTHIA 6.4.21, including hadronization corrections and underlying event with the Perugia 0 tune. At least two hard jets are required with p T,j ≥ 20 GeV and |y j | ≤ 4.5, well-separated from each other such that |y j1 − y j2 | > 4, y j1 ×y j2 < 0, and M j1j2 > 600 GeV. In addition, an e + and a µ + with p T, ≥ 20 GeV, |y | ≤ 2.5, ∆R j ≥ 0.4, ∆R ≥ 0.1, located between the two tagging jets, are requested. For the renormalization and factorization scales dynamical choices bound to the kinematics of the underlying Born configuration are made.
In this setup distributions related to the tagging jets or the hard leptons turn out to be rather insensitive to parton-shower effects. As illustrated by Fig. III D 2 (left panel) for the invariant mass distribution of the charged-lepton pair, the NLO-QCD and the POWHEG+PYTHIA results are very similar, both in normalization and shape. More pronounced effects of the parton shower occur in observables related to the emission of an extra hard jet, c.f. Fig. III D 2 (right panel) for dσ/dy j3 . When the rapidity distribution of a third jet is used in order to estimate central-jet veto efficiencies this effect should be carefully taken into account.
Triboson process W
+ γγ with VBFNLO
The second group of process where anomalous quartic gauge couplings can be tested are the triboson processes [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] . The quartic vertex enters via an s-channel vector boson, which decays into three vector bosons, while diagrams with two or three bosons attached to the quark line as well as non-resonant contributions form an irreducible background. These processes have been shown to possess quite large K factors, typically between 1.5 and 1.8, mostly due to the additional quark-gluon-induced production processes first entering in the real-emission process. They also have a considerable scale dependence. While the dependence on the factorization scale can be reduced by NLO QCD corrections, the strong coupling constant first enters in the real emission part and therefore shows a large variation with the scale.
The example process we are considering here is pp → e + ν e γγ [89, 90] . In this process the K factor with a numerical value of about 3 is particularly large. This is due to the fact that the SM amplitude vanishes when the two photons are collinear and cos θ W = 1 3 , where θ W is the angle between the W and the incoming quark in the partonic center-of-mass frame. This so-called radiation zero [94] [95] [96] is spoiled by the extra jet emission at NLO, therefore giving huge K factors in these phase-space regions. The numerical values for the Figure 4 . The left-hand side shows again the differential integrated cross section. Both the SM and the anomalous-coupling scenario show differential NLO cross sections which are significantly larger than their LO counterpart. Contributions from anomalous couplings start to contribute for transverse photon momenta above 100 GeV and their relative size becomes gradually larger when going to higher momenta as expected.
On the right-hand side one can see that the K-factor behavior differs for the SM and the anomalous coupling scenario. While, in the SM, the K factor is almost constant and only slightly decreases when going to larger transverse momenta, there is a much stronger decrease when anomalous couplings are switched on. At the high end of the shown range, the K factor has reached a value of around 1.8, which is the number typically observed in other triboson processes involving W s. As the effect of the anomalous coupling increases, the cancellation between different amplitudes gets gradually destroyed and the radiation zero filled up. Only the effects from additional jet radiation remain, yielding the smaller K factor.
That this is indeed the case can be seen in Fig. 5 . Here we require additionally that the transverse momentum of the harder photon exceeds 200 GeV and the invariant mass of the lepton-neutrino system exceeds 75 GeV to suppress radiation off the final-state lepton. The effect of the radiation zero should be visible as a dip at zero in the rapidity difference between the diphoton system and the lepton-neutrino system, which can be indeed observed for the LO SM curve. In contrast the anomalous-coupling curve shows no such behavior even at LO, and at NLO the dip is filled in both cases.
Turning back to the right-hand plot of Fig. 4 , the ratio between anomalous-coupling and SM prediction decreases when going from LO to NLO. This is due to the same effect, as part of the additional contribution is caused by filling up the radiation zero, which is no longer present at NLO because there already QCD effects have caused this. Hence, for this process group, higher-order corrections play an important role and cannot be neglected when determining the size of or limits on anomalous quartic gauge couplings. 
Electroweak corrections to triboson processes
The first calculation of electroweak NLO corrections for a triboson processes at hadron colliders has appeared only very recently. Hence, no publicly available Monte Carlo implementation is available at the present stage. For gauge boson pair production via vector-boson fusion electroweak corrections no results exist in the literature at the current stage.
In Ref. [97] the full NLO corrections to on-shell W W Z production have been considered. Besides the QCD corrections already calculated in Refs. [84, 86] , additional virtual electroweak diagrams with loops up to the pentagon level appear as well as real-emission processes with an additional external photon. There, processes with both photon radiation and initial-state photons are taken into account. The latter appear when using PDFs with photons [98, 99] . Additionally, in this case the photon-initiated contribution of γγ → W W Z is added at tree-level. The electrweak corrections are typically quite small for integrated cross sections, of about -2%. They can, however, get significant in differential distributions. For example, looking at the transverse-momentum distribution of the Z boson, at the 14 TeV LHC one observes corrections of up to -30% for transverse momenta of 1 TeV. Thereby, the photon-initiated processes play an important role to partly cancel large Sudakov virtual corrections.
IV. COMPARISON OF PREDICTIONS FOR MULTI-BOSON PRODUCTION WITH WHIZARD, VBFNLO AND MADGRAPH
Whenever more than one program is available to calculate the same quantity, it is an important cross-check to ensure that the theory predictions agree when choosing the same set of input parameters. Therefore we compare the predictions for the three programs MadGraph5, version 1.5.12, using the anomalous couplings implementation from Ref.
[16], VBFNLO 2.7.0 beta 3 and WHIZARD 2.1.1. These three programs have been developed independently of each other, so agreement provides a strong cross-check. As process we have taken the same-sign W -pair vector-boson scattering process pp → e + ν e µ + ν µ jj. We calculate this process at leading order for the LHC with a center-of-mass energy of 14 TeV using the CTEQ6L1 [100] 
The VBFNLO program neglects any s-channel diagrams appearing, while for the other two codes these are included as well. Their numerical impact is, however, negligible due to the large invariant mass cut of the two jets. As anomalous quartic gauge couplings we take f S,0 = f S,1 = ±10 TeV −4 in the VBFNLO and MadGraph5 scheme, which corresponds to a 4 = ±4.59 · 10 −3 in WHIZARD. With these choices unitarity would get violated at 1.2 TeV. Due to the more technical nature of the comparison, and as there is no unitarization scheme supported commonly between all three programs, we do not take this into account further.
In Table VI we show results for the integrated cross section for the SM and both signs of the anomalous coupling choice. All three codes show a very good agreement with deviations of only a few per mill. Between VBFNLO and WHIZARD the level of agreement is compatible with statistical fluctuations from Monte Carlo integration, while the MadGraph5 result is slightly lower in all three cases. To verify that this is not due to a mismatch in the input parameters, we have compared the squared matrix element of the subprocess uc → e + ν e µ + ν µ ds, which has no s-channel contributions, between MadGraph5 and VBFNLO for 100 randomly chosen phase-space points. Here we find excellent agreement at the sub-per mill level between the two codes. In Fig. 6 we then compare differential distributions between MadGraph5, VBFNLO and WHIZARD. Each code has been asked to generate 1 million unweighted events, which form the input of each plot. The left column shows the invariant mass of the two jets, while in the right column the invariant mass of the two charged leptons is plotted. The top row presents each distribution for the SM, while in the middle and bottom row results for positive and negative anomalous couplings are shown, respectively. The lower part of each plot shows the differential cross section of each code compared to the weighted average of all three codes.
Similar to the integrated results, there is good agreement between all three codes. Deviations from the weighted average are compatible with those from finite event statistics, indicated by the error bars. No systematic shifts are visible, although MadGraph5 does tend to favor slightly smaller differential cross MadGraph5 UFO f S0 =f S1 =10 TeV -4 Whizard f S0 =f S1 =10 TeV MadGraph5 UFO f S0 =f S1 =10 TeV -4 Whizard f S0 =f S1 =10 TeV sections in the large m jj range. Comparing the two distributions between the SM and the two anomalous coupling scenarios, we see that the shape of the m jj distribution hardly changes. The situation is different for the m distribution. Here we observe that for low invariant masses the distribution receives no additional contribution. This can for example seen when looking at the bin with the largest differential cross section, whose height stays approximately the same. On the other hand, for larger invariant masses a significant increase of the differential cross section happens. Such a behavior is not surprising, as the invariant mass of the two leptons is directly related to the invariant mass of the W W system, and therefore one expects that the effects on anomalous couplings become larger for larger values, while no such link exists for the invariant mass of the two jets.
To further corroborate the agreement in the implementation of anomalous quartic gauge couplings, we have performed an additional cross-check between MadGraph5 and VBFNLO calculating the triboson process pp → e + ν e γγ. As anomalous quartic gauge coupling we choose the operator M 2 with numerical value f M 2 = 8187 TeV −4 in the VBFNLO and f M 2 = −250 TeV −4 in the MadGraph5 convention. The integrated cross sections are 1.8012(8) fb and 1.8172(5) fb in the SM case and 4.2482(19) fb and 4.2660(13) fb including the anomalous quartic gauge coupling, where the first value in both cases refers to MadGraph5 and the second one to VBFNLO, respectively. While some difference exceeding the statistical errors from Monte Carlo integration is also present here, the agreement is at the sub-percent level for both scenarios and hence good.
In Fig. 7 we show the differential cross section for the invariant mass of the photon pair on the left-hand side and for the transverse momentum of the lepton on the right-hand side. In both cases we observe a reasonable agreement between the two codes within statistical errors. We have also checked several other distributions and do not see any deviations that would be incompatible with an explanation by statistical effects.
V. SUMMARY
In this Snowmass 2013 white paper we presented an overview of the theory of electroweak non-standard interactions and of publicly available Monte Carlo tools that provide predictions for electroweak vector boson pair and triple production as well as vector boson scattering at the LHC, including non-standard EW interactions. We reviewed the role of higher-order corrections in the study of non-standard EW couplings in these processes, using VBFNLO and a POWHEG BOX implementation of higher-order QCD corrections to W W jj production. We performed a tuned comparison of predictions obtained with MadGraph5, VBFNLO, and WHIZARD for a number of relevant observables at leading order QCD and including higher-dimension operators in EFT, and found good agreement.
